Translated by P. Curtis
In the light of the development of the nuclear industry and expansion of the areas of application of radioactive isotopes, in recent years there has been an increasing need to develop and test new, special materials that meet particular requirements, primarily the high safety standards. Synthetic products with increased resistance under conditions of extreme external effects in a wide temperature range, namely fluoropolymers, could feasibly be used in this capacity.
In their principal physicochemical and elastic strength characteristics, fluoropolymer coatings are best suited for enterprises of the nuclear industry. But there are additional requirements laid down for these coatings, determined by the specific nature of the plants and the service conditions of the materials used. One of the main current standards defining the requirements demanded of polymer coatings used on the surfaces of rooms and auxiliary equipment in the nuclear industry in the Russian Federation is GOST R 51102 [1] .
At different stages of development of the technology of protective paint and varnish coatings, coatings and lacquers based on epoxy resins (including metalfilled compositions), epoxy fluoroplastic materials based on fluoro derivatives of ethylene, and polyurethane compositions with improved chemical and physicomechanical properties have been used [2] [3] [4] .
Today, several grades of paint and varnish coatings capable of being used to protect hydraulic engineering equipment [5] and objects of the nuclear and gas industry are known: Massco ® epoxy polyurethane, ZINOTAN zinc-filled composites, and ISOLEP-mastic epoxy primer enamels with aluminium powder [6] [7] [8] .
Features of the fluoropolymer-based materials that have been developed by us that distinguish them from these forerunners include an increased heat and corrosion resistance, cold resistance, improved weather resistance, and a considerably higher coefficient of deactivation compared with known analogues [6, 9] .
Thus, the development of heat-and chemical-resistant deactivatable protective coatings that can be used to solve problems of guaranteeing radiation safety when handling radioactive waste (storage, transportation, burial), operating under harsh service conditions, is an urgent problem.
The aim of this work was to create a protective coating with increased deactivatability and improved heat and corrosion resistance, based on low-molecular-weight fluorocopolymers that can be cured at room temperature. E a r l i e r, w e s y n t h e s i s e d l o w -m o l e c u l a rweight fluorocopolymers of vinylidene fluoride, hexafluoropropylene, and perfluoroalkyl allyl ethers with nitrile and fluorosulphate groups with a number-average molecular weight of 3000-20 000. The structure of the newly developed copolymers, designated as S26-AE (S, N) below, was confirmed by 1 H and 19 F NMR spectroscopy and corresponds to the formula [10, 11] (1)
where R f = -SO 2 F (S26-AES) or -CF(CF 3 )CF 2 OCF(CF 3 ) CN (S26-AEN), l = 28-67, m = 8-21, and n = 2-4 are the ratios of the corresponding monomer units in the S26-AE macrochain, and k = 1-2 (initiator fragment).
Owing to their structure, which contains free reactive groups, and their low molecular weight, the S26-AE copolymers obtained are capable of being cured at room temperature and of being formed with little use of solvents, and they exhibit improved physicochemical and mechanical properties, which enables them to be used as protective coatings and sealants. The formulation of the composites based on fluorocopolymers S26-AE was developed with regard to their harsh service conditions [3, 4] and the requirements laid down for deactivatable protective coatings in the area of radiation safety [1] .
The developed composites based on fluorocopolymers S26-AES and S26-AEN contain bisphenol A epoxy resin, a solvent, a filler, and a curing agent, with the following ratio of components (parts): An amine vulcanising system was chosen, as the most suitable for cold curing. Thus, for copolymer S26-AES with a fluorosulphate group, use was made of aromatic amines (γ-picoline, N,N-dimethylaniline) and difunctional oligomers of hexafluoropropylene oxide, while for copolymer S26-AEN with a nitrile group, the use of 3-aminopropyltriethoxysilane (AGM-9), which makes it possible to increase the lifetime of the composite, was most preferable.
As the bisphenol A epoxy resin, use was made of different epoxy resins of grades ED-16, ED-20, ED-22, and E-40. The best results were achieved using resin of grade ED-20, the introduction of which makes it possible to increase to the maximum degree the adhesion properties of the composite to metal (steel 3) and reinforced concrete structures.
As the organic solvent, the following series of solvents were used: acetone, butanone-2, ethyl acetate, and butyl acetate; however, a mixture of acetone and butanone-2 in a 2:1 ratio was most preferable.
As the principal filler, as a rule, use was made of carbon black (T-900), fine silica (R-972), and fluoroplastic F-2M. From the viewpoint of increasing the strength, abrasion resistance, and a number of other elastic strength properties of the vulcanisates, it was established that a carbon black content of 20-40 parts, a fine silica content of 4-6 parts, and a fluoroplastic content of 10-15 parts per 100 parts fluoropolymer were most preferable.
The composite may also contain an absorbent (zinc oxide, magnesium and barium sulphate) and organic-or mineral-base pigment to enable colouring of the coatings, e.g. chromium(III) oxide, bright-red lead, iron(II) and iron(III) oxides, and phthalocyanine blue. 
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Thus, the formulations of composites ( Table 1) based on the synthesised fluorocopolymers S26-AE (S, N) and the above ingredients, with the corresponding physicomechanical properties (Table 2) , were developed.
The given composites (1 to 4) possess a variable lifetime and flow and are formed using a minimal amount of solvent.
A very important property for polymeric materials in the nuclear industry is their deactivatability under conditions of radioactive contamination by α-and β-radiating radionuclides, which is characterised by the deactivation coefficient (Cs-137) measured from the ratio of the levels of radioactive contamination of specimens before and after deactivation. Table 3 gives data of tests of coating PF-26AEN according to ISO 11997-2 (Paints and varnishes -Determination of resistance to cyclic corrosion conditions. Part 2: Wet (salt fog)/dry/ humidity/UV light), with steel 3 used as the substrate. Irradiation was conducted on a UDG-AT-130 dosimetric γ-radiation unit. Data of tests on the deactivation of the PF-26AEN coating indicate that the developed formulation of the composite makes it possible to produce a material with an increased deactivation coefficient with respect to cesium-137 that is an order of magnitude higher than the value of this index for the existing commercial analogues [6] . The obtained material not only fully meets the requirements laid down for polymer coatings for all types of room at nuclear installations but also surpasses them significantly.
Tests were also carried out on the swelling of the initial fluorocopolymer S26-AEN and the obtained PF-26AEN coating in corrosive media at room temperatures. With the exception of the unlimited swelling of specimens in esters (butyl acetate) and ketones (butanone-2), in all the other media, including concentrated acids and alkalis (limited swelling), the exceptional resistance and the possibility of using the created polymers and coatings based on them in harsh conditions were confirmed ( Table 4) .
Thermographic investigations of the initial fluorocopolymer S26-AE, and also the developed composites PF-26AES (composite 2) and PF-26AEN (composite 4) were conducted on an STA 429 CD synchronous thermal analysis unit (Netzsch, Germany) using a platinum-platinorhodium holder for specimens of the TG + DSC type. In the analysis, simultaneous determination of the changes in weight of the specimen in percentages of the sample weight (TG curve) and changes in enthalpy accompanying thermal transformations (DSC curve) was carried out. obtained during the heating in air of three specimens -the initial S26-AE specimen, the PF-26AES specimen, and the PF-26AEN specimen -in the temperature range 40-600°C at a rate of 10°C/min. Thus, on the TG curve of specimen S26-AE there are two steps of weight loss, between which there lies a monotonic section. On the first step, 4.12% of its weight goes (250-270°C), on the monotonic section 10.51% is lost (270-400°C), and on the second step the losses amount to 69.15% in the 400-480°C range. On the DSC curve of the initial specimen there is a small exothermic effect with a maximum at 457°C, which coincides with the second step of weight loss, and here the greatest burn-off of the organic component of the synthetic rubber occurs.
The TG curve of specimen PF-26AES (composite 2) has three steps of weight loss, and here there is no weight loss up to 300°C. On the first step 14.81% of its weight goes (300-350°C), and on the second step the losses amount to 31.39 + 18.96 = 50.35% in the 350-475°C range. The maximum rate of weight loss falls on the third step, where a further 26.54% of the weight is lost (475-530°C). To this step there corresponds an exothermic effect on the DSC curve with a maximum at 490°C.
The best heat resistance was shown by specimen PF-26AEN (composite 4), the TG curve of which has three steps of weight loss with a monotonic section without losses up to 300°C. On the first step 11.24% of weight is lost (300-400°C), on the second step the losses amount to 53.09% in the range 400-470°C, and on the third step a further 38.74% goes (470-560°C). The maximum rate of losses falls on the second and third steps, with an exothermic effect on the DSC curve at 466, 548, and 565°C respectively.
Thus, in the course of the investigation, formulations were developed for composites of deactivatable protective coatings based on fluorocopolymers S26-AE [11], the optimum vulcanising system for S26-AE (S, N) was selected, laboratory specimens of coatings (PF-26AES, PF-26AEN) were manufactured, the physicomechanical properties were investigated to see that they met the GOST R 51102 requirements, and the swelling in corrosive media and the thermal stability in air of the vulcanisates were studied.
Among the advantages of the developed PF-26AE coatings, their ability to be vulcanised at room temperature and to be processed and used with a minimal content of solvents and also their high deactivatability and resistance to deactivating solutions must be pointed out. Furthermore, the obtained coatings possess increased thermal stability in air, resistance to corrosive media, and the appropriate elastic strength characteristics, including adhesion to concrete and metal. It must be noted that all the ingredients of the developed formulations are readily available and produced on an industrial scale in Russia, which will be reflected favourably in the cost of the final coating.
